A miniature force sensor for the measurement of forces and moments at a human fingertip is designed and realized. Thin silicon pillars inside the sensor provide in-plane guidance for shear force measurement and provide the spring constant in normal direction. A corrugated silicon ring around the force sensitive area provides the spring constant in shear direction and seals the interior of the sensor. To detect all load components, capacitive read-out is used. A novel electrode pattern results in a large shear force sensitivity. The fingertip force sensor has a wide force range of up to 60 N in normal direction, ± 30 N in shear direction and a torque range of ± 25 N mm.
Introduction
The forces involved in interactions between our body and the environment are important for many tasks in daily life. For example in sports, the magnitude, application and effectiveness of forces involved in a given task are a key factor for success [1] [2] [3] . Likewise, in many situations, such as physical labour, loadings need to stay within safe limits to prevent injuries [4] [5] [6] . To quantify the exerted forces on e.g. a hand, miniature force sensors distributed on the hand which can measure normal force and shear forces are essential. Measuring these forces is not only important for humans but also for robots which physically interact with the environment. Miniature force sensors integrated in a robotic hand enable robots to perform precise grasping tasks whenever accurate assessment of the interaction forces is required [7] [8] [9] .
Power sensing
The mechanical power P transferred between a body and the environment is given by the dot product of the force ⎯ → F and the velocity ⎯ → v . If the movement includes rotational components, additional power is transferred equal to the dot product of torque and angular velocity [10] . Thus, if in addition to forces also the motion is assessed, the mechanical power involved in the interaction can be estimated. With the assessment of mechanical power, the dynamic interaction during object handling can be characterized such that a given task can be improved or optimized [10] . The three dimensional velocity during motions can be estimated using inertial and magnetic sensors placed on the human body [11, 12] , which can be measured using commercially available 3D accelerometers, gyroscopes and magnetometers as demonstrated in [13] . When integrating several of these sensors in a glove, combined with miniature force sensors, a 'power glove' can be realized that can measure the total power transferred between the human hand and its environment [14] . Figure 1 (a) gives an illustration of such a glove where force and motion sensors are distributed over the hand. The integration of many sensors is a challenging task, since the orientation of each sensor with respect to a coordinate system must be known, such that the direction of force and motion at each point can be determined. As an initial proof of concept for the power glove, force-torque sensors can be placed only at the inside of two fingertips and the thumb, as shown in figure 1(b). Motion sensors are placed at the outside of the fingers and hand. With this setup, simple grasping tasks can be performed and the power involved can be measured.
Force sensing
To quantify the forces exerted with the hand or fingers, miniature multi-axis force sensors are required. This type of force sensors are widely used in e.g. robotics [7] [8] [9] , tactile sensing [15] [16] [17] [18] [19] [20] [21] [22] , medical [23, 24] and biomechanical applications [25, 26] . Typically, these force sensors have a force range up to several Newtons. Our desired force range for the intended interactions between the human hand and the environment lies around 50 N in normal direction and 10 N in shear direction with a desired accuracy of 1% of the full scale output. Furthermore, the sensor should be capable of measuring static forces and dynamic forces with a bandwidth of at least 5 Hz and preferably higher. Miniaturized multi-axis force sensors capable of measuring higher force ranges exist [27] , but are often too big for mounting on a fingertip. The desired size of the sensor is 1 cm × 1 cm, with minimal thickness to reduce the influence of the sensor on the measurement. The demands on sensor size and force range initiated the development of our previously presented force sensors [28, 29] . These sensors showed good sensitivity for normal forces and moments, but the shear force sensitivity of the sensor in [29] was relatively low. Furthermore, the sensors were prone to breaking when shear forces above 15 N were applied due to excessive stress at the bond interface of the silicon pillars. Although this is above the specified interaction force, these forces could occur during object handling. Another important aspect is the electrode area of both sensors, which are open at the side of the force sensitive surface. During measurements outside lab environments contamination could reach the electrode area causing unexpected behaviour in the sensor output.
To mitigate the above mentioned aspects, we here present an improved miniature multi-axis force sensor capable of measuring shear-and normal force distributions within a range of 60 N in normal and ± 30 N in shear directions. This force sensor has a thickness of only 1 mm and a diameter of 9 mm, which makes it suitable for mounting on the fingertips of a (robotic) hand. Compared to [29] the range, robustness and shear sensitivity of the sensor presented here are significantly improved. To this end, the complete electrode area now consists of comb-structures which increases the sensitivity of the sensor in shear direction. Furthermore, a novel corrugated ring is introduced around the force sensitive area which functions as a spring-element for shear displacements. By doing so, the stress introduced by a shear force on the silicon pillars is reduced significantly since the force is mainly exerted on the corrugated ring and not on the pillars. To further reduce the stress at the bond interface of the pillars due to shear forces, the diameter of the pillars is reduced which makes them more compliant in shear direction. Since a reduction of pillar diameter also reduces the spring constant in normal direction, the total number of pillars is increased to maintain the same range in normal force. The corrugated ring is placed completely around the sensing area such that it effectively seals the interior of the sensor ensuring that the electrode area cannot be contaminated. For capacitive read-out, a reference capacitor is integrated in the force sensor, to compensate for common-mode changes in the sensor capacitance and for drift in the read-out electronics. A complete overview of the design and modelling of the sensor is presented in the next section.
Theory and modelling
The force sensor consists of two main parts: a top electrode which will displace when a force and/or torque is applied and a bottom part with electrodes. The top part is a circular disk which is supported by a corrugated silicon ring and 293 thin silicon pillars. The corrugated ring provides the spring constant in shear direction and is compliant in normal direction, which is achieved by tuning its sidewall thickness, height and width. The thin silicon pillars in the top electrode provide in-plane guidance for shear force measurement and provide the spring constant in normal direction. To determine each individual force component, the displacement is measured capacitively by comb-structures which are present in the top and bottom part, divided in four quadrants. Figure 2(a) shows the overview of the sensor structure, figure 2(b) shows the electrode configuration in the bottom part of the sensor. As shown in this figure, reference capacitors are integrated around the sensor and can be used for calibration of read-out electronics and compensation of common-mode changes in capacitance of the electrodes in the sensor. In figures 3(a) and (b) a detailed representation of the top and bottom electrodes is shown.
Normal force F z
A normal force F z applied to the circular top electrode will result in compression of the silicon pillars. This compression causes a decrease in the gap between the comb-structures in the top and bottom part of the sensor, as shown in figure 4 . The change of the gap is proportional to the applied force, and can be written as
where g 0 is the initial gap distance between the top and bottom plate when no force is applied, K z is the total spring constant in normal direction, N p represents the number of pillars, L p is the height of the pillars and r p is the radius of the pillars. The Young's modulus of silicon is denoted by E. Since the compression of the silicon pillars is dominant in the contribution of K z , the presence of the corrugated ring is neglected. The applied force is determined by measuring the capacitance between the top and bottom comb-structures. The capacitance as a function of the gap g can be expressed as
Here, A q is a constant representing the overlapping area of the top and bottom comb-electrodes in a single quadrant, ϵ is the permittivity of air (ϵ = ϵ 0 ϵ r ) and C pz is a capacitance-based constant representing the parasitic capacitance between the top and bottom electrode which is independent of the applied normal force. When there is an angle between the top and bottom electrode such that top electrode is tilted, the total sum of all capacitances will increase slightly due to the non-linear nature of the capacitance. The expression of the normal force in combination with an angle between the top and bottom plate is further explained in section 2.3.
Shear force F x , F y
An applied shear force will deform the silicon ring and bend the silicon pillars sideways, resulting in an in-plane displacement proportional to the applied force. This displacement causes a differential change in overlapping area between the top electrode and the two bottom electrodes, as shown in figure 5 . This differential change is measured capacitively, causing a differential change in the capacitances proportional to the applied shear force. The displacement in shear direction is measured by the comb-structures in each quadrant of the sensor, as shown in figure 2(b) . The comb-structures in quadrant 1 and 3 are placed orthogonal with respect to the structures in quadrant 2 and 4. A shear displacement in x-direction results in a differential change in overlapping area in the comb-structures in quadrant 1 and 3, whereas the comb-structures in quadrant 2 and 4 are only sensitive for a shear displacement in y-direction. The differential change in capacitance is given by
with .
where Δs i (i = x∨y) is the shear-force induced displacement of the top electrode with respect to the bottom electrode, s 0 is the initial overlap, s f is the misalignment of the top and bottom electrode caused during the fabrication of the sensor, g the gap distance between top and bottom electrode and L ct the total length of the comb structures. The displacement Δs caused by an applied shear force is given by 
where F i and K i are the applied shear force and the total spring constant in either x or y direction, respectively. By measuring the differential capacitance change ΔC, the linearly related shear force F i (i = x∨y) can be determined:
The constants ΔC ps represent the parasitic differential capacitances which are independent of the applied load, caused by slight differences in the connections towards the electrodes. The comb-finger pairs in Q 1 and Q 3 are connected in parallel to measure an applied force in x-direction. For measuring an applied force in y-direction the comb-finger pairs in Q 2 and Q 4 are connected in parallel.
The total spring constant in shear direction consists of the spring constant of all the pillars and the spring constant of the surrounding ring. The spring constant of the corrugated ring can be tuned by its side-wall thickness and height and is determined using finite element analysis in ANSYS, the spring constant of the pillars can be found analytically as extensively explained in [29] . The spring constant of the corrugated ring is dominant compared to the spring constant of the pillars and is chosen such that the stress induced at the bond interface of the pillars is within safe limits, while having maximum displacement in shear direction.
Moment M x , M y
An applied moment causes an angle between the top and bottom electrode, as shown in figure 6 . This angle is determined by measuring the differential capacitance between opposite quadrants. In the sensor presented earlier [29] , the full electrode area was used for measuring the differential capacitance, whereas now only the comb-structures contribute to the capacitance. Considering that the comb-structures are regularly spaced over the triangular shaped quadrant, we estimate the change in capacitance by using the same model as presented in [29] but with a reduction factor κ to compensate for the reduced overlapping area. The differential capacitance between two opposite quadrants as a function of the angle θ is then given by
where L q is the distance from the centre of the chip to the edge of the comb-electrodes in a quadrant, as indicated in figure 3 (a), and ΔC pm is a difference in static parasitic capacitance, which is independent of the applied moment. The reduction factor κ is determined by dividing the overlapping area of a single quadrant A q by the total area of a full triangle:
The expression for the differential capacitance in (6) can be written as a function of the applied moment:
where S i is the torsional stiffness in either x-or y-direction, which can be calculated by involving the contribution of every pillar to the net torsional stiffness. For small angles, the contribution of a single pillar to the torsional spring constant is given by
where d a is the distance of a pillar to the rotation axis. The pillars are arranged in a grid and have a distance d p with respect to each other in x-and y-direction in such a way that it approximates a circular shape. The total spring constant is obtained by a summation of the contributions of all pillars. The same model as used in [29] can be used to determine the sum of the capacitances of the two opposite quadrants as a function of the angle θ:
The equations for the sum and the difference of the capacitance are both dependent on the angle and the gap between the top and bottom electrode. Since both the sum and difference capacitance are measured, the two unknown parameters can be determined using (6) and (10) . Solving the set of equations for the gap as a function of the sum and difference capacitance yields two possible solutions, where only one solution is within the geometric boundary conditions of the sensor, and can be approximated using Taylor expansion by
where
By substituting (12) in (6) the angle θ as a function of C sum and C diff can be calculated: 
Using these equations, the normal force and moment can be calculated using the relations in (1) and (8).
Moment M z
A moment around the z-axis causes a rotation of the top electrode, where the torsional spring constant is dominated by the corrugated ring. In principle this moment M z can be measured when connecting all comb-electrodes in each quadrant such that a differential change in capacitance will occur when the top electrode rotates. However, due to limitations in the current measurement setup, a moment M z cannot be applied accurately and therefore this option will not be further explored in this paper.
Design overview
To calculate the theoretical response, the properties of the capacitive structures and the parameters of the sensor are listed in table 1. The parameters are obtained by optimizing the sensor for maximum sensitivity in shear direction while staying within safe limits of the stress induced by the maximum applied shear force. This is done by making the corrugated ring dominant for the spring constant in shear direction, which reduces the shear force exerted on the pillars. To further reduce the stress at the pillars when a shear force is applied, the radius of the pillars has been reduced from 35 µm in [29] to 25 µm. The change in diameter of the pillars also affects the sensitivity in normal direction and moments as shown in (1) and (9), therefore the number of pillars N p has been increased from 196 to 293. Since the comb-electrodes are placed in between the pillars, the number of pillars and the distance between the pillars also affects the layout of the comb-electrode. To obtain a robust design which is tolerant for possible misalignment during fabrication, the initial comb-overlap s o is chosen at 8.5 µm. To obtain maximum (differential) change in capacitance, the total length of all the comb-electrodes is optimized for the given initial overlap and number of pillars. In calculation of the spring stiffness in (2), the presence of the corrugated ring is neglected. To verify this, samples where the pillars are omitted such that the top electrode is only suspended by the corrugated ring are included in the fabrication. These will be used to determine the contribution of the corrugated ring to the total spring constant in normal direction.
Fabrication
The force sensor is realized out of two wafers: a top wafer and a bottom wafer. The top wafer is a highly doped silicon wafer in which the corrugated ring, the pillars and the top electrodes are defined using deep reactive ion etching (DRIE). An silicon-on-insulator (SOI) wafer is used in which the bottom electrodes are defined. These two wafers are bonded together using fusion bonding at high temperature to ensure a strong mechanical bond. The outline of the process flow of the top and bottom wafer is shown in figures 7 and 8.
Bottom wafer process
The SOI wafer has a device layer of 25 µm, a buried oxide (BOX) layer of 1 µm and a handle layer thickness of 380 µm.
On the bottom of the handle layer a thermal oxide layer is present with the same thickness as the BOX layer (a). To protect the bond interface of the silicon, first an oxide layer of 150 nm is grown using thermal oxidation. To realize the gap between the top and bottom electrodes, the technique of local oxidation of silicon (LOCOS) is used, i.e. by depositing and patterning an LPCVD silicon nitride layer with a thickness of 150 nm (b), which forms a diffusion stop for oxidation. In the next step, wet oxidation at 1150 °C is used to form an oxide layer of 2.2 µm at the places where the silicon is not covered with silicon nitride (c). This thermal oxidation step consumes roughly 1 µm silicon. After oxidation, this thermal oxide layer is removed using 50% HF (d). Then, the silicon nitride layer on the topside is removed using reactive ion etching (RIE) and the bottom side of the wafer is patterned to create a mask for releasing the sensor after fusion bonding (e). Subsequently, the topside is patterned using photoresist (PR), which defines the comb-electrodes and bondpad connections (f). Using DRIE the wafer is etched down to the BOX layer (g). Prior to bonding, the remaining protective oxide layer and the exposed BOX layer are removed using 50% HF (h).
Top wafer process
The top wafer is a highly doped silicon wafer with a thickness of 525 µm (a) in which the pillars and the comb-electrodes are created. The comb-electrodes and pillars are etched to two different levels using a buried mask technique. To realize this, an oxide layer of 400 nm is created using thermal oxidation.
On the bottom side of the wafer, the oxide layer is patterned 
L ct
81 mm using photolithography to define the comb-electrodes (b). Also, this oxide layer protects the bond interface during further processing. The oxide mask is covered by photoresist in which the pillars and the bottom side of the surrounding ring are defined. Next, DRIE is used to etch to a depth of 280 µm (c). Afterwards, the photoresist is removed, which will expose the silicon oxide mask underneath. A second DRIE step is used to etch to a depth of 25 µm, which defines the height of the comb-electrodes (d). As a result, the pillars and the surrounding ring will be etched approximately 10 µm deeper due to their higher aspect ratio, obtaining a final depth of 290 µm. The trench around the pillars which forms the corrugated ring is etched deeper due to its lower aspect ratio, and reaches a depth of approximately 310 µm. Subsequently, the top side of the wafer is patterned using photoresist in which the corrugated surrounding ring and breaking grooves are defined (e). This part is etched using DRIE to a depth of 340 µm, such that the corrugated ring has an effective height of 125 µm and a width of 50 µm (f). Finally, the photoresist is stripped and the remaining oxide layer is removed by 50% HF (g).
Wafer bonding and sample release
Prior to bonding, the wafers are cleaned using fuming nitric acid (100%) and hot nitric acid (69%), and undergo a 50% HF dip. Subsequently, the wafers are treated with a Piranha solution (H 2 O 2 :H 2 SO 4 = 1 : 3) for 30 min. Immediately after this step, the wafers are aligned and brought in to contact to create a pre-bond. After inspection of the pre-bond using infra-red light, the wafer is placed in a furnace at 1100 °C degrees in N 2 environment for 12 h for direct silicon bonding. After bonding, breaking grooves are etched at the bottom of the bonded wafer stack using DRIE ( figure 9(a) ). The sensors are released by pushing them out of the wafer after fabrication, as shown in figure 9 (b). This release method results in a completely dry release process, furthermore it allows for the round shape (or arbitrary shape) of the sensor chip. Conventional dicing cannot be used, since dicing water might enter the electrode area. For electrical connection, bond pads are created in the device layer on the bottom part of the sensor. To be able to access these bond pads, the top part has a smaller diameter. Hence, the breaking lines in the top and bottom wafer are not exactly above each other, as shown in the figure.
Results
Figure 10(a) shows a SEM image of the top part with the silicon pillars and the comb-electrodes. In figure 10 (b) a closeup of the pillars and the electrodes is shown. The step in the silicon created using LOCOS in the bottom part of the sensor is measured using an optical profilometer (Bruker Contour GT-I). This measurement showed a profile of 1140 nm with a good uniformity over the wafer. A released sensor chip is shown in figure 11 (a). After releasing, the sensor chip is mounted on a PCB with capacitive readout electronics ( figure 11(b) ). The top electrode and bottom electrodes are connected using wire bonding on bond pads in the bottom part of the sensor. The top electrode is electrically connected to a bottom electrode via the corrugated ring. The support frame and bottom electrode are electrically connected since direct silicon bonding is used.
Measurements

Setup
To apply load on the sensor, the sensor is mounted on a glass baseplate with a thickness of 1 mm using epoxy adhesive. On the force sensitive area, a borofloat glass stylus with a thickness of 4 mm is mounted using epoxy adhesive (Weicon EMA) to ensure an uniform distribution of stress at the sensor interface. A normal force is applied using a loadframe with a stainless steel pin which is placed at the center of the stylus, similar to [29] . Weights are attached to the loadframe below the sensor, resulting in a self-balancing construction which ensures that the force is directed perpendicular to the sensor surface. To apply a shear force a thin nylon wire is attached around the stylus as close as possible to the sensor surface, to minimize the moment applied to the surface. A force is applied in shear direction using a pulley and calibrated weights. This pulley is mounted on a rotary stage, which rotates around the z-axis of the sensor in order to apply a shear force in any arbitrary direction. Moments are applied by attaching the thin nylon wire at a distance of 2.2 mm above the sensor surface. This results in both a moment and a shear force. The pulley can be adjusted in z-direction to ensure that a force is applied perpendicular to the z-axis of the sensor. A schematic representation of the measurement setup is shown in figure 12(a) , a photograph of the setup is shown in figure 12(b) .
To determine the capacitance of each electrode, the setup shown in figure 13 is used. Each comb-electrode is connected to a switch-matrix (Agilent 34970A). The switchmatrix connects each of the electrodes to either an in-phase excitation signal, a 180° out-of-phase excitation signal, ground or is left floating. The handle layer of the bottom wafer is connected to ground for all measurements, to minimize the parasitic capacitance between the electrodes. The top electrode of the sensor is connected to a charge amplifier, the output of this charge amplifier is proportional to the difference in capacitance between the electrodes which are connected in-phase and out-of-phase with the excitation signal. A lock-in amplifier (SRS SR830) is used to generate a 50 kHz sine wave excitation signal with an amplitude of 1.41 V. A differential amplifier is used to generate the inphase and 180° out-of-phase component. The output of the charge amplifier is connected to the lock-in amplifier to determine the amplitude and phase of the signal and to an oscilloscope to monitor the signal. 
Normal force measurements
When measuring normal force, all comb-electrodes are connected to the in-phase excitation signal, such that the sum of all capacitances is measured. The output of the sensor upon applying a normal force from 0 N to 60 N is shown in figure 14 . The measurement data is fitted with the model from (2), where the overlapping area A q was fitted to 0.682 mm 2 , parasitic capacitance C pz was fitted to 13.65 pF and the total spring constant K z was fitted to 1.452 × 10 8 N mm −1 . For g 0 , the measured step in the silicon of 1140 nm is used. The measured capacitance is in good agreement with the model. Samples where the pillars are omitted in the design are used to determine the contribution to the spring constant of the corrugated ring. The spring constant is determined at approximately 1.8 × 10
6 N mm −1 , which is 1.2% of the total spring constant.
Shear force measurements
Shear force F x is determined by measuring the difference in capacitance between the comb-pairs in Q1 and Q3. The F y component is determined by measuring the difference in capacitance between the comb-pairs with orthogonal orientation, Q2 and Q4. Figure 15 shows the response of the sensor when a shear force is applied in y-direction at different applied normal forces. As shown in the figure, the sensitivity in shear direction increases with the applied normal force due to the decreasing gap distance. The change in shear sensitivity as a function of the applied normal force is shown in figure 16 . The data is fitted by taking the derivative of (5) with respect to the applied shear force. The gap g is obtained by using the fitted value for K z in (1). The spring constant K s was fitted to 4.41 × 10 7 N mm −1 , which is approximately 15% lower than the spring constant obtained using FEM.
In figure 15 it is shown that the lines do not intersect at zero shear load. This is caused by misalignment in the bonding process of the top and bottom part of the sensor. Figure 17 shows this offset capacitance as a function of the applied load, where the model from (5) was used to fit the data. The misalignment caused during the fabrication s f was fitted to 1057 nm and the parasitic capacitance C ps was fitted to 86.8 fF.
To show the cross-axis sensitivity between an applied shear force in x-and y-direction, a shear force of 15 N is applied and is rotated around the sensor. The response of the channels for measuring F x and F y is shown in figure 18 , where the data is fitted with a cosine and a sine, respectively. As shown, the orthogonal comb-pattern shows good separation between the two shear force components.
Moment measurements
Moment M x is determined by measuring the difference in capacitance between all the electrodes in Q2 and all the electrodes in Q4. Moment M y is determined by measuring the difference in capacitance between all the electrodes in Q1 and all the electrodes in Q3. In figure 19 , the response of the sensor to moment M y is shown at different applied normal forces. In figure 20 , the change in moment sensitivity as a function of the applied normal force is shown. The data is fitted with the model from (8) , where S y is fitted to 1.79 × 10 5 N mm rad −1 . The gap g is obtained by using the fitted value for K z in equation (1) . The reduction factor κ is calculated using (7) where the fitted value for A q is used, γ m is derived using (6) . As shown, the small angle approximation results in a larger error at increased normal force, which is caused by the decreasing gap distance.
The cross-axis sensitivity between the two orthogonal channels is shown by rotating a load of 10 N around the sensor at a distance of 2.2 mm above the sensor surface, resulting in a moment of 22 N mm. The response of the channels for measuring M x and M y is shown in figure 21 , where the data is fitted with a cosine and a sine, respectively.
Model evaluation and sensor performance
Normal force
To determine the applied normal force, the gap distance is determined from which the force is calculated using the relation in (1) . When the top plate is slightly tilted due to an applied moment, this results in an increase in the sum capacitance. The simplified model for the normal force measurement in (2) does not take this increase in capacitance into account which leads to an inaccuracy in the determined gap distance. In practice there is always a combination of forces and moments, therefore the model in (12) is used to determine the gap distance, which includes the dependency of an applied moment. To shown the difference between the two models, the calculated normal force as a function of an applied moment M x is shown in figure 22 , for a normal force of 20 N and a moment ranging from −25 N mm to +25 N mm. In the model for calculating the gap distance, ϕ m is fitted to 2.983 × 10 −23 . To show that the model holds for the range of 0 N to 40 N, the measured full scale error as a function of the applied normal force is shown in figure 23 , where the moments are Calculated normal force, where the gap distance is determined using (2) and (12), as a function of the applied moment. Due to the effect that the sum capacitance is increasing when the top plate is tilted, the calculated normal force also increases when this effect is not compensated for.
varied in x-and y-direction from −25 N mm to +25 N mm. The normal force is incremented in steps of 5 N and is calculated using the same value for ϕ m as above.
Shear force
The response of the sensor to the applied shear force is measured at varying loads in normal direction. The resulting full scale error in measured shear force is shown in figure 24 . The gap is obtained using the model in (12) where the fitted value for ϕ m from the previous section is used. The normal force is applied with steps of 5 N ranging from 0 N to 40 N. At each step, the shear response is measured while varying the load from −30 N to +30 N, in x and y direction. The measured shear force is calculated using the model in (5). 
Moments
The applied moment is determined using model (8) where the gap is obtained using (12) . Figure 25 shows the full scale error on the measured moment at varying loads in normal direction. The results show a relatively large error which is increasing with the applied normal force and moment. However, the error is systematic with point-symmetry around the origin and can be corrected using a third order model. When this correction model is applied to the moment measurement, the full scale error can be reduced significantly as shown in figure 26.
Stability, hysteresis and repeatability
To show the variation in the measured force or moment under constant loading (also referred to as creep), the sensor is loaded with 20 N in F z direction, 10 N in F x direction and 22 N mm in M y direction. In figure 27 the variation is expressed as percentage of the full scale when the sensor is loaded for 30 min. As shown, no significant variation in the measured forces and moments is observed. For an accurate analysis of the hysteresis the applied load should increase up to the maximum load followed by a decrease to zero load. Since the weights are attached manually, a hysteresis cycle could not be measured accurately with the current setup. To observe the repeatability, experiments are performed where the sensor is loaded multiple times in shear and normal direction. For shear force, the worst case variation is approximately 0.5% of the full scale. It is expected that this effect is mainly caused by the pulley, since we observe a smaller variation (0.1%) when the sensor is loaded multiple times in normal direction. 
Discussion
Measurements
The models for shear and normal forces are in good agreement with measurements. The fitted value for the overlapping area is in close agreement with the theoretical value from table 1.
The fitted spring constants shown in table 2 show a slight variation in the two orthogonal directions for both forces and moments. In the model used for fitting the spring constant it is assumed that the geometric properties are the same for all the quadrants. With this assumption, any variation between quadrants due to fabrication imperfections will result in different fitted values for the spring constant, which might explain the differences. The observed variation under constant loading is below 0.05% of the full scale in all directions. These measurements were performed without the use of a reference capacitor, and therefore also include variations in the read-out electronics such as the differential amplifier and the charge amplifier. The switch matrix is limited to 8 input-channels, which are used to measure all 8 electrodes. Therefore, the on-chip reference capacitor could not be measured simultaneously. It is expected that the variation under constant load is reduced when the onchip reference capacitor is used.
The corrugated ring around the sensor significantly increased the range and robustness of the sensor compared to the sensor presented earlier [29] . Robustness test show that the sensor can be overloaded with more than 200% without causing permanent damage to the sensor. Furthermore, since the electrode area is now sealed from the top no contamination can enter the electrode area from the topside, which makes the sensor considerably more robust.
Cross-axis sensitivity
The capacitance of each comb-electrode is a function of all the applied force and moment components. The cross-axis sensitivity effect of moments on normal force, normal force to shear force and normal force to moments can be effectively reduced with the presented models. With the current measurement setup, an applied moment is always combined with an applied shear force. For moment measurement, the combelectrodes in a single quadrant are added, and a shear force would not change the total overlapping area. Therefore, it is expected that the capacitive cross-axis sensitivity of shearforces on moments is negligible. For a shear force combined with a moment, there is a small cross-axis sensitivity present in the shear force measurement because a tilt of the top electrode changes the differential capacitance slightly due to the non-linear dependency on the gap distance. This effect and other contributions of cross-axis sensitivity need to be further investigated.
Capacitive read-out system
In the measurement setup a charge amplifier in combination with a switch matrix is used to measure each channel. To be able to measure the capacitance when the sensor is placed on a fingertip, we developed a read-out system based on a relaxation oscillator which can measure the (differential) capacitances quasi simultaneously [30] . Alternatively, experiments are performed using a commercially available multi-channel capacitive read-out chip [31] , to reduce the size of the read-out electronics. Currently a resolution of around 2 fF at 25 Hz acquisition rate is obtained with this measurement system, which corresponds to 0.24% of the full scale range in shear direction and 0.03% of the full scale range in normal direction.
Packaging and application
To perform measurements on a fingertip, a cap is placed over the sensor to protect the wirebonds as shown in figure 28 . To obtain more grip at the glass stylus, a rubber coating can be applied. For measuring forces on a fingertip, a finger cap which fixates the force sensor on the fingertip is designed using 3D printing. Currently, experiments are performed with a glove with motion sensors [32, 33] to track the finger and hand movement. In the near future this system will be integrated with the force sensor presented here, to estimate the mechanical power transferred during a given procedure.
Conclusions
A miniature capacitive force-torque sensor is designed and realized for the measurement of forces and moments. The sensor has a measurement range of up to 60 N in normal direction, ± 30 N in shear direction and ± 25 N mm for moments in x-and y-direction. Models for the capacitance as function of the applied loads are presented. Using these models, the measured full scale error for F x and F y are less than 1.4%, for M x and M y it is less than 2.8% when a correction model is used. The measured full scale error for F z is less than 1% . Eventually, several sensors will be integrated in a glove which can reconstruct the motion and orientation of the hand [13] . With a combination of both the loads determined by our sensor and measurement of the kinematics, an estimation of the power transfer and load between the hand and the environment can be made. 
